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ABSTRACT

A new imperialist competitive algorithm (ICA)-
based approach is proposed for optimal selection of
the static synchronous series compensator (SSSC)
damping controller parameters in order to shift the
closed loop eigenvalues toward the desired stability.
The optimal selection of the parameters for the SSSC
controllers is converted to an optimization problem
which is solved by recently developed evolutionary
ICA method. This optimization algorithm has a
strong ability to find the most optimistic results for
dynamic stability improvement. Single machine infi-
nite bus (SMIB) system has been considered to exam-
ine the operation of proposed controllers. The input
power variation of generator is considered as a distur-
bance. The effectiveness of the proposed controller
for damping low frequency oscillations is tested and
results compared with particle swarm optimization
(PSO). Also, the performance of proposed method is
tested in different loading conditions. In addition,
the potential and superiority of the proposed ICA
method over the PSO is demonstrated. Also, perfor-
mance of ICA in 10 times run is the same as in 1 time
run. The simulation results analysis show that the
designed ICA based SSSC damping controller has an
excellent capability in damping low frequency oscil-
lations and enhance rapidly and greatly the dynamic
stability of the power systems, in compare to PSO
technique.

Keywords: SSSC, Imperialist competitive algo-
rithm, Particle swarm optimization, Power system
stability enhancement, Low frequency oscillation
damping,.

1. INTRODUCTION

Electromechanical oscillations in power systems
are a main problem that has been challenging re-
searchers for years. These oscillations may be very
poorly damped in some cases, resulting in mechani-
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cal fatigue at the equipment and unacceptable power
variations the across transmission lines. For this rea-
son, the use of the controllers to provide better damp-
ing of electromechanical oscillations is major chal-
lenges [1]. In the past three decades, power system
stabilizers (PSSs) have been broadly used in order
to damp low frequency oscillations and increase dy-
namical stability. PSSs have proven to be efficient
in performing their assigned tasks, which operate on
the excitation system of generators. However, PSSs
may unfavorably have an effect on the voltage pro-
file, may result in a leading power factor, and may
be unable to control oscillations caused by large dis-
turbances such as three phase faults which may oc-
cur at the generator terminals [2, 3]. Some of these
are due to the limited capability of PSS, in damping
only local modes and not inter area modes of electro-
mechanical oscillations [4]. Recently, due to the fast
progress in the field of power electronics had opened
new opportunities for the application of the flexible
AC transmission systems (FACTS) devices. For this
reason, FACTS devices as one of the most useful
ways to improve power system operation controlla-
bility and solving various power system steady state
control problems, such as voltage regulation, trans-
fer capability enhancement, power flow control and
damping of power system oscillations [2, 5, 6]. Among
FACTS family, SSSC is one of the important types,
which can be installed in series in the transmission
lines. Although the main function of SSSC is to con-
trol of power flow but it can is used, as an impressive
devise, to control of power system dynamical stabil-
ity [7]. The application of SSSC based controller for
power oscillation damping, dynamical stability im-
provement and frequency stabilization can be found
in several references [6-8]. Recently the optimization
methods to obtain the optimal values of controller
parameters are used. These optimization techniques
for achieved SSSC’s controllers have been published
in following literatures. Genetic algorithm (GA) and
PSO in [9-11] were investigated, respectively. ICA is
a new evolutionary optimization method which is in-
spired by imperialistic competition [12]. It is a very
strong method for optimization and has emerged as a
useful tool for engineering optimization. Over the last
6 years, after it was first introduced, this algorithm
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Fig.1: Motion of colonies toward their relevant im-
perialist.

has been used in a variety of research areas [13-17]
and has been proven as a promising tool for optimiza-
tion purposes. According to [12, 13], the ICA has
better results than the genetic algorithm (GA) and
PSO [18], respectively. In this study, SSSC damping
controller design using ICA to find the optimal pa-
rameters of lead-lag controller is presented. To show
effectiveness of ICA method, it is compared with PSO
technique. SSSC based damping controller is con-
sidered as an optimization problem and both, ICA
and PSO techniques are used for searching the opti-
mal values of controller parameters. The effectiveness
and robustness of the proposed controller are demon-
strated through time-domain simulation under vari-
ous loading conditions and large disturbance. Evalu-
ation of results show that the ICA based tuned damp-
ing controller has good performance for a wide range
of operating conditions and is superior to the con-
troller designed using PSO technique.

2. DESCRIPTION OF THE OPTIMIZA-
TION METHODS

2.1 ICA PROPOSED APPROACH

As illustrated before, imperialist competitive al-
gorithm is a new evolutionary optimization method
which is inspired by imperialistic competition. Like
other evolutionary algorithms such as PSO, GA, etc.,
it starts with an initial population which is called
country and is divided into two types of colonies and
imperialists which together form empires. Imperial-
istic competition among these empires forms the pro-
posed evolutionary optimization algorithm. During
this competition, weak empires collapse and power-
ful ones take possession of their colonies. Imperial-
istic competition converges to a state in which there
exists only one empire and colonies have the same
cost function value as the imperialist. After dividing
all colonies among imperialists and creating the ini-
tial empires, these colonies start moving toward their
related imperialist state which is called assimilation
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Fig.2: Flowchart of PSO algorithm.
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Fig.3: SSSC installed in a SMIB system.

policy [19]. Fig.1 shows the movement of a colony to-
wards the imperialist. In this movement, 6 and x are
random numbers with uniform distribution as showed
in (1) and d is the distance between colony and the
imperialist.
z=U(0,8xd), 0=U(-7,7) (1)
In the above equation, 8 and 7 are parameters
that modify the area that colonies randomly search
around the imperialist. The total power of an empire
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Fig.4: Modified Phillips-Heffron model of a SMIB system equipped with SSSC.

depends on both the power of the imperialist country
and the power of its colonies which is shown in (2).

T.C.n = Cost(imperialist ) + (eamean(Cost

(colonoes of impire ,,))

The pseudo code of imperialist competitive algorithm

is as follows:

1. Select some random points on the function and
initialize the empires.

2. Move the colonies toward their relevant imperialist
(Assimilation).

3. Randomly change the position of some colonies
(Revolution).

4, If there is a colony in an empire which has lower
cost than the imperialist, exchange the positions
of that colony and the imperialist.

5. Unite the similar empires.

6. Compute the total cost of all empires.

7. Pick the weakest colony (colonies) from the weak-
est empires and give it (them) to one of the em-
pires (Imperialistic competition).

8. Eliminate the powerless empires.

9. If stop conditions satisfied, stop, if not go to 2.

2.2 OVER VIEW OF PSO ALGORITHM

A novel population based optimization approach,
called particle swarm optimization (PSO) approach,

was introduced first in [18]. Defining the principle
of PSO is out of this papers scope and the complete
review is given in several papers for instance in [18,
20]. Fig. 2 shows the flowchart of the PSO technique.

3. DESCRIPTION OF CASE STUDY SYS-
TEM

Fig. 3 shows a single-machine infinite-bus (SMIB)
power system equipped with a SSSC. The SSSC con-
sists of a boosting transformer with a leakage reac-
tance Xgcor, a three-phase GTO based voltage source
converter (Viny), and a DC capacitor (Cpc). The
two input control signals to the SSSC are m and V.
Signal m is the modulation ratio of the pulse width
modulation (PWM) based VSC. Also, signal W is the
phase of the injected voltage and is kept in quadra-
ture with the line current (inverter losses are ignored).
Therefore, the compensation level of the SSSC can be
controlled dynamically by changing the magnitude of
the injected voltage. Hence, if the SSSC is equipped
with a damping controller, it can be effective in en-
hancing power system dynamical stability.

3.1 POWER SYSTEM NONLINEAR MODEL

WITH SSSC

The dynamic model of the SSSC is required in or-
der to study the effect of the SSSC for increasing
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the small signal stability of the power system. The
system data is given in the Appendix. By applying
Park’s transformation and neglecting the resistance
and transients of the transformer, nonlinear dynamic
model of the power system with SSSC is given as [8]:

Its - Itsd +jltsq = ITSZSD (3)

Vinv = mkVpco(cos¥ + jsin®) = mkVpc /¥ (4)

U = p+90°
Voo — Woe _ Ipc ®)
be dt Cpc
. mk .
VDC = 7(ItSdCOS\IJ + Itsqszn‘ll) (6)
CDpC

Where, k is the ratio between AC and DC voltages
and is dependent on the inverter structure. The non-
linear model of the SMIB system as shown in Fig. 3
has been introduced by following equations [§]:

§ = wyw (7

W= (Ppn — Pe — Dw)/M (8)

B, = (~By + Bya)/T), (9)
Efdz—ﬁEfd-F%(V}o—W) (10)

where,
Pe :E:] Itsq + (Xq - X; )Itsd-[tsq
E, —F + (Xq— X; Misa

Vi :\/(Eflzl - Xﬂdltsd)2 + (XthSt])Q

3.2 POWER SYSTEM LINEARIZED MODEL

Linearizing By applying linearization process Eq.
(3)-(10), around operation point of case study system,
state space model of the system can be achieved, as
follows [8]:

Ad = wyAw (11)
Ad = (AP, — DAw)/M (12)
AE, = (-AE, + AE;4)/T), (13)
. 1 Ka
AEgq = —EAEfd - TAAW (14)
AVpo =Ky A8 + KyAE, + KyAVpe 5)

+ K Am + K g AT

where,

AP, =K} A6 + KyAE, + K\ peAVpe + K. Am
+ K,y AT

AB, =K\AS + K3AE, + K, peAVie + Ky Am
+ Ky AU

AV, =K4A8 + KGAE, + K, poAVpe + K.y, Am
+ K,y AU

’

Ky, Ky... Ky, K, K,;u and K, are linearization
constants and are dependent on system parameters
and the operating condition. The state space model
of power system is given by:

& = Az + Bu (16)
where z and u are state vector and control vector,
respectively. A and B are:

v =[A§ Aw AE, AEpq AVpe]”

u=[Am AT
T 0 Wy 0 0 0 T
7
K, D K, 0 Kypc
M M M M
K K. K,
A=| -4 0 —=3 L abC |
Tdu Tdo Tdo Td(/
!’
_KAK\) 0 KAK(,- _L _KAKch
T/q T/A Ta T,A
| K, 0 Ky 0 K, i
_ 0 0 -
! ’
7Kpm Kp\ll
M 1
B— | —fem K
Td,o Tdo/
_KaK,,  KaK,g
Ta Ta
L KdnL Kd\I/

model of the SMIB power system installed SSSC is
shown in Fig. 4.

4. SSSC BASED PROPOSED CONTROLLER
STRUCTURE

The damping controller is designed in order to im-
prove the damping torque. The SSSC damping con-
troller structure is shown in Fig. 5, where u can be m
or U. It comprises gain block, signal-washout block
and lead-lag compensator [5]. Values of controller
parameters should be kept within specified limits. In
this paper, an ICA is proposed for the optimal com-
putation of controller parameters.

4.1 OPTIMIZATION PROBLEM

In the proposed method, we must tune the SSSC
controller parameters optimally to improve overall
system dynamic stability in a robust way under 4
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different operating conditions. For our optimization
problem, an eigenvalue based objective function re-
flecting the combination of damping factor and damp-
ing ratio is considered as follows:

Objective function :
Np Np
=Y (-0 +ad (0-)? (17
i=1 i=1

o; and ¢; are the real part and the damping ra-
tio of the ith eigenvalue, respectively. The value of
oo determines the relative stability in terms of damp-
ing factor margin provided for constraining the place-
ment of eigenvalues during the process of optimiza-
tion and ¢y is the desired minimum damping ratio
which is to be achieved. The closed loop eigenval-
ues are placed in the region to the left of dashed line
as shown in Fig. 6. It is necessary to mention here
that only the unstable or lightly damped electrome-
chanical modes of oscillations are relocated. The de-
sign problem can be formulated as the following con-
strained optimization problem, where the constraints
are the controller parameters bounds: Minimize ob-
jective function

For the lead-lag controller subject to:

K™ < Kq < K*
< T < T
T3 < Ty < T3
T3 < Ty < T
" < Ty ST

(18)

Typical ranges of the optimized parameters of
lead-lag controller are [-100 100] for Kg4, [0.01 1.5] for
Ty,T5,Ts and Ty. The proposed approaches employ
ICA and PSO algorithms to solve this optimization
problem and search for an optimal or near optimal set
of controller parameters. The optimization of SSSC
controller parameters is carried out by evaluating the
objective function as given in (17), for the lead-lag
controller.

5. SIMULATION RESULTS

5.1 APPLICATION OF THE ICA AND PSO
TO THE DESIGN PROCESS

Based on singular value decomposition (SVD)
analysis in [21] modulating ¥ has an excellent capa-
bility in damping low frequency oscillations in com-
parison with other input of SSSC, thus in this paper,
¥ is modulated in order to damping controller design.
In this paper, the values of og, ¢ and a are taken as
-2, 0.5 and 10, respectively. In order to acquire bet-
ter performances of ICA and PSO, proper parameters
are given in Table 1. The ICA and PSO were applied
to search for the optimal parameter settings of the ¥
supplementary controller so that the objective func-
tion is optimized. The both algorithms are run 1 and

Ut 1 K _?
14T,

4o X, 5T, (l+s1; 1457,
1457, 1457, 144,

Fig.5: Lead-lag damping controller structure.

%
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Fig.6:
function.

Region of eigenvalue location for objective

10 times and the best solution based on the minimum
objective function (17) is selected. Table 2 shows the
optimal controller parameters for 1 and average of 10
runs. Fig. 7 shows the cost function values for ICA
and PSO optimization methods when the program is
run once and 10 times. As it is seen in this Figure,
for the same objective function, ICA cost value is less
than PSO. Also, its performance in 10 times run is
the same as in 1 time run.

Table 1: Algorithms proper parameters.

PSO method ICA method
C1 1.4 number of countries 100
C2 1.4 | number of initial imperialists 8
Wamax 0.9 assimilation coeflicient (53) 3
Wanrn 0.4 Sica 0.2
Iteration | 100 | number of decades(iteration) | 100

5.2 TIME DOMAIN SIMULATION

It should be noted, that the optimization process
for both methods has been carried out with the sys-
tem operating at nominal loading conditions given
in Table 3. To assess the effectiveness and robust-
ness of the proposed controllers, simulation studies
are carried out for various loading conditions of Ta-
ble 3. The eigenvalues of electromechanical modes
with ICA and PSO controllers at 4 different loading
conditions are given in Table 4. By using objective
function (17), the electromechanical mode eigenval-
ues have been shifted to the left side of o in s-plane
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Table 2: The optimal parameter settings of the PSO and proposed ICA controller with 1 and average of 10
runs based on the objective function (17).

Controller Parameters Ky T, T, Ts Ty Cost

PSO 1-run -76.0000 | 1.0500 | 0.1589 | 1.5000 | 0.1580 | 9.3073
10-runs -62.0000 | 1.0510 | 0.1638 | 1.4800 | 0.1638 | 8.9583

ICA 1-run -30.0000 | 0.0500 | 0.1312 | 1.5000 | 1.4067 | 4.6253
10-runs -22.0000 | 1.0569 | 0.3984 | 0.3400 | 0.6592 | 4.6148

1 run PSO 10 runs PSO

1 run ICA 10 runs ICA

40 60 80 100
[teration

Fig.7: The convergence for objective function minimization using the ICA and PSO techniques.
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solid (ICA controller), dash-dotted (PSO controller) and dashed (without controller).

Table 3: System loading Conditions.

Loading Conditions | P (P.U.) | Q (P.U.)
Casel (Nominal) 1 0.15
Case2 (Light) 0.3 0.015
Case3 (Heavy) 1.1 0.4
Cased (Power factor) 0.7 -0.03

and the system damping with the proposed methods
greatly improved and increased. The system behavior
due to the utilization of the proposed controllers has
been tested by applying 10% step increase in mechan-
ical power input at t = 1 s. The system response to
this disturbance under 4 different loading conditions
for speed deviation, rotor angle deviation and power
deviation with ¥ based controller, as well as, with
and without controllers, are shown in Figures 8-10.
It is obvious that the open loop system is unstable,
where as the proposed ICA and PSO controllers sta-
bilize the system. It can be observed from Figs. 8-10

that the performance of the system is better with the
proposed ICA optimized lead-lag controller compared
to the PSO optimized lead-lag controller. Also, sim-
ulation results clearly illustrate, proposed objective
function-based optimized SSSC controller with TCA,
has good performance in damping low-frequency os-
cillations and stabilizes the system quickly in com-
pared to the PSO method.

6. CONCLUSIONS

In this paper, the optimal SSSC controller param-
eters design was converted into an optimization prob-
lem, which was solved using the ICA technique with
the eigenvalue based time domain objective function.
The effectiveness of the proposed SSSC controller for
damping low frequency oscillations of a power system
were demonstrated by a weakly connected example
power system subjected to a disturbance, an increas-
ing mechanical power. The designed ICA and PSO
controllers are applied to the system and their re-
sponses are compared with each other. Results from
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Fig.10: Active power deviation (A P.) responses for (a) case 1 (b) case 2 (¢) case 3 and (d) case 4 with U

controller ; solid (ICA controller), dash-dotted (PSO controller) and dashed (without controller).

Table 4: FEigenvalues of the electromechanical modes with controllers.

Loafi 18 Casel Case2 Case3 Case4
conditions
Without —9.7188:|:j-14.5590 —10.1261:|:-j16.4602 —9.2385:‘:3'-13.2122 —10.0705:|:-jl5.7684
controller 1.2231+j4.8569 | 1.2592+j5.0855 | 1.1200£j4.6027 | 1.2470+j5.1836
-0.6756 -0.0197 -1.8010 -0.0721
-100.7200 -98.9743 -99.9158 -91.0100
-22.9300 -20.8748+j16.5709 -20.0000 -20.7700
PSO -7.88+j15.49 -5.4450+j10.4979 | -8.2027+j12.8606 | -9.1516+j16.1008
controller -0.04+j4.87 -0.2790+j5.3214 | -0.0820+7 4.6924 | -0.0800+355.3020
-2.30£j0.18 -5.6802 -8.6736 -1.6110£j0.0710
-0.6500 -0.0197 -1.6848 -0.0700
-100.1300 -100.0000 -99.9240 -100.1600
-20.6000 -20.0500 -21.1383 -20.1300
ICA -20.0000 -20.0000 -20.0000 -20.0000
controller -9.3300+£j14.7200 | -10.1000+j16.4700 | -8.6949+j13.5235 | -9.9200£j15.8200
-1.2400+£j4.7900 -1.2600+£j5.0800 -1.7983 -1.2500+£j5.1700
-0.6800 -0.6700 -1.1337+j4.4837 -0.6700
-0.6700 -0.0200 -0.6876 -0.0700
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time domain simulations show that the low frequency
oscillations can be easily damped for power systems
with the proposed ICA method. The comparison
of presented results based on different optimization
methods shows the effectiveness of proposed ICA con-
troller in low frequency oscillations damping under all
of loading conditions and large disturbances.

APPENDIX

The nominal parameters and operating condition
of the case study system are:

Generator

M =8.0MJ/MVA
D = 0.0

T3, = 5.044 s

f — 60 Hz

VvV = 1.05 pu

X4 = 1.0 pu

xq = 0.6 pu

x’g =0.3pu

Pe = 0.8

Excitation System

K4
Tx

= 100
= 0.05s

Transmission Line

Xis = 0.35pu
XSB = 0.6 pu
SSSC

Cpc = 0.25
Vpe =1

Ks =1.2

Tsg =0.05
T, =0.01
Xscr= 0.15
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